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MgTi,  Mgo.5Nio.5Ti  and  MgTio.sNio.s  alloys  doped  with  10wt.%  Pd  were  prepared  by  high  energy  ball 
milling  and  evaluated  as  hydrogen  storage  electrodes  for  Ni-MH  batteries.  X-ray  diffraction  analyses 
indicated  that  the  Mgo.5Nio.5Ti  and  MgTio.sNio.s  alloys  could  be  monophased  or  composed  of  a  nanoscale 
mixture  of  MgTi  +  NiTi  and  MgTi  +  MgNi  phases,  respectively.  Their  hydrogen  storage  characteristics  were 
investigated  electrochemically  in  KOH  electrolyte.  No  activation  step  was  observed  during  the  cycling 
of  the  Mg-Ti-Ni  electrodes  in  contrast  to  that  observed  with  the  MgTi  electrode.  The  highest  hydrogen 
discharge  capacity  was  obtained  with  the  MgTio.sNio.5  electrode  (536mAhg_1)  compared  to  401  and 
475  mAhg-1  for  the  Mgo.5Nio.5Ti  and  MgTi  electrodes,  respectively.  The  ternary  Mg-Ti-Ni  alloys  showed 
a  better  cycle  life  with  an  average  capacity  decay  rate  per  cycle  lower  than  1 .5%  compared  to  ~7%  for  the 
binary  MgTi  electrode.  The  Mg-Ni-Ti  electrodes  also  displayed  a  much  higher  discharge  rate  capability 
than  the  binary  MgTi  electrode,  especially  with  the  Mgo.5Nio.5Ti  electrode.  The  origin  of  this  was  estab¬ 
lished  on  the  basis  of  the  anodic  polarization  curves,  where  a  substantial  decrease  of  the  concentration 
overpotential  (reflecting  a  higher  hydrogen  diffusivity)  was  observed  for  the  Mgo.5Nio.5Ti  electrode. 

©  2010  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Several  studies  have  recently  shown  that  metastable  Mg-Ti 
based  alloys  are  promising  metal  hydride  (MH)  electrodes  for 
Ni-MH  batteries.  The  most  remarkable  performance  was  observed 
for  Pd-capped  Mg-Ti  thin  films  prepared  by  electron  beam  depo¬ 
sition  and  magnetron  co-sputtering  with  a  reversible  capacity  of 
1750  mAh  g-1  for  MgsoT^o  [  1  ]  in  comparison  to  only  —300  mAh  g-1 
for  LaNis-based  alloys  used  in  commercial  Ni-MH  batteries.  Their 
remarkable  electrochemical  H-storage  properties  was  attributed 
to  the  face-centered-cubic  (fee)  structure  of  the  Mg-Ti-H  phase, 
enabling  much  faster  hydrogen  diffusion  than  the  rutile  structure 
of  pure  MgH2  [2],  However,  their  use  in  commercial  Ni-MH  batter¬ 
ies  requires  their  synthesis  in  bulk  form  and  large  scale,  which  is 
challenging  because  the  Mg-Ti  system  is  almost  immiscible  under 
equilibrium  conditions  [3]. 

Several  studies  have  demonstrated  the  possibility  of  producing 
bulk  metastable  Mg-Ti  alloys  in  a  large  stoichiometry  range  and 
with  various  crystal  structures  by  mechanical  alloying  [4-1 1  ].  For 
instance,  we  have  shown  that  as-milled  Mg(10o-x)Tix  (40<x<80) 
alloys  comprise  two  phases,  namely  a  Ti-rich  hexagonal-close- 
packed  (hep)  phase  and  a  body-centered-cubic  (bcc)  phase  [9], 
Their  proportion  and  stoichiometry  vary  with  the  nominal  com- 
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position  of  the  initial  powder  mixture.  Upon  electrochemical 
hydrogenation,  both  hep  and  bcc  phases  are  transformed  into  an  fee 
phase.  Mg50Ti5o  alloy  has  the  highest  hydrogen  discharge  capacity 
(475  mAh  g-1 ),  which  is  comparable  to  that  found  by  Kalisvaart  et 
al.  [5,6]  for  ball-milled  Mg-Ti  alloys.  Note  that  Mg-Ti  materials  pre¬ 
pared  by  mechanical  alloying  must  be  activated  for  electrochemical 
hydrogen  storage  by  adding  of  few  at.%  of  Pd  upon  milling,  which 
greatly  facilitates  the  charge-transfer  reaction  and  destabilizes  the 
Mg-Ti  hydride  [11].  The  fact  that  the  maximum  discharge  capaci¬ 
ties  of  ball-milled  Mg-Ti  alloys  are  much  lower  than  those  obtained 
on  Mg-Ti  thin  films  [1]  is  presently  unclear.  It  may  result  from 
higher  kinetic  limitations  due  to  longer  diffusion  path  lengths  in 
Mg-Ti  powder  electrodes  and/or  because  only  one  phase  in  ball- 
milled  Mg-Ti  materials  is  electrochemically  active  as  suggested  by 
Kalisvaart  et  al.  [5], 

Furthermore,  the  cycle  lifetimes  of  MgTi-based  electrodes  are 
insufficient.  For  example,  the  discharge  capacity  decay  of  a  ball- 
milled  Mg5oTi5o-10  wt.%  Pd  electrode  is  over  80%  after  only  20 
charge-discharge  cycles  [9[.  It  is  assumed  that  the  capacity  degra¬ 
dation  is  associated  with  the  irreversible  oxidation  of  the  alloy  by 
the  electrolyte  (KOH)  leading  to  the  formation  of  Mg(OH)2  and 
Ti02  on  the  surface  of  the  alloy  particles.  This  consumes  active 
material  and  must  affect  the  charge-transfer  at  the  alloy/electrolyte 
interface.  Also,  we  have  shown  that  the  electrode  degradation  rate 
depends  on  the  amount  of  hydrogen  desorbed  from  the  active 
material  [9[.  This  tends  to  demonstrate  that  the  volume  expan¬ 
sion/contraction  of  the  alloy  upon  charge/discharge,  and  thus  the 
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associated  particle  pulverization  phenomenon  accelerating  the 
alloy  oxidation,  is  largely  responsible  for  the  rapid  capacity  decay 
with  cycling  of  the  MgTi-based  electrodes,  as  previously  shown  for 
MgNi  electrodes  [12], 

A  possible  way  to  decrease  the  capacity  loss  of  MgTi-based 
alloys  is  to  adjust  the  alloy  composition  by  partial  substitu¬ 
tion  of  Mg  and/or  Ti  with  appropriate  element(s)  in  order  to 
improve  the  alloy  oxidation  resistance  in  KOH  electrolyte  and/or 
to  diminish  the  electrode  pulverization  by  decreasing  the  alloy 
expansion  coefficient  related  to  hydrogen  absorption.  The  par¬ 
tial  substitution  of  Mg  and/or  Ti  may  also  have  a  positive  effect 
on  the  charge/discharge  capacity  and  kinetics  of  the  electrode  by 
modifying  the  metal-hydrogen  interaction  (electronic  effect),  by 
modifying  the  hydrogen  site  size  (geometric  effect)  and/or  by  the 
formation  of  additional  phases  (synergetic  effect). 

Among  the  possible  substitution  elements  for  improving  the 
cycle  life  of  MgTi-based  electrodes,  nickel  appears  as  an  inter¬ 
esting  element  due  to  its  good  corrosion  resistance  in  alkaline 
media.  Moreover,  Kalisvaart  and  Notten  have  shown  that  the  sec¬ 
ondary  TiNi  phase  present  in  ball-milled  (Mgo.75Tio.25)o.9oNio.io 
acts  as  a  rapid  diffusion  path  for  hydrogen,  improving  the  dis¬ 
charge  capacity  and  rate  capability  of  the  alloy  [6],  Additionally, 
a  hydrogenographic  study  on  Mg-based  thin  films  has  shown  that 
for  the  MgyNio.3Tio.7_y  (0.55  <y  <0.65)  compositions,  the  hydrides 
are  significantly  destabilized  with  respect  to  both  the  Mg-Ti  and 
Mg-Ni  hydrides  [13], 

The  present  work  provides  new  data  about  the  influence  of 
Ni  on  the  electrode  performance  of  MgTi-based  hydrogen  storage 
alloys  prepared  by  high  energy  ball  milling.  In  a  preliminary  study 
(unpublished  results),  the  addition  of  Ni  and  partial  substitution  of 
Mg  or  Ti  by  Ni  have  been  studied  through  the  compared  analysis  of 
MgTiNix,  Mg!_xNixTi  and  MgTii_xNix  (with  x  ranging  from  0.05  to 
0.5).  The  most  significant  improvements  in  terms  of  cycle  life  were 
observed  for  MgTio .sNio  5  and  Mgo.5Nio.5Ti  electrodes  and  thus,  the 
present  study  is  focused  on  these  two  materials.  Their  structure  and 
electrochemical  hydrogen  storage  properties  are  studied  in  detail 
and  compared  to  those  observed  with  binary  MgTi,  NiTi  and  MgNi 
alloys. 

2.  Experimental 

2.  f .  Material  synthesis 

Pure  Mg  (99.9%,  chips,  Norsk  Hydro),  Ti  (99.5%,  -325  mesh,  Alfa 
Aesar)  and  Ni  powders  (99.9%,  -325  mesh,  Alfa  Aesar)  were  used 
as  starting  materials.  Samples  were  prepared  according  to  the  fol¬ 
lowing  stoichiometries:  MgTi,  Mgo.5Nio.5Ti,  MgTi05Nio5,  NiTi  and 
MgNi.  10wt.%  of  Pd  powder  (99.9%,  -325  mesh,  Alfa  Aesar)  was 
added  in  the  starting  powder  mixtures  as  a  hydrogenation  cata¬ 
lyst  [11],  Ball  milling  was  conducted  in  cylindrical  stainless  steel 
containers  (55  ml)  with  three  stainless  steel  balls  (one  14  mm  and 
two  1 1  mm  diameter).  The  ball-to-powder  mass  ratio  was  9: 1  for  all 
experiments.  The  container  was  sealed  under  an  argon  atmosphere 
and  placed  in  a  vibratory  type  mill  (Spex  8000  M).  The  milling  dura¬ 
tion  was  fixed  at  20  h,  except  for  MgNi  which  was  milled  for  10  h  (a 
longer  milling  time  inducing  its  crystallization  into  Mg2Ni  +  MgNi2) 
[14],  The  milling  yields  (defined  as  the  ratio  of  the  powder  masses 
after  and  before  milling)  were  higher  than  70%  in  all  experiments, 
indicating  moderate  cold  welding  between  the  powder  particles 
and  the  milling  tools. 

2.2.  Material  characterization 

The  materials  were  characterized  by  X-ray  diffraction  (XRD) 
using  a  Bruker  D8  diffractometer  with  Cu  Kot  radiation. 


The  specific  surface  area  of  the  as-milled  powders  was  measured 
by  Kr  adsorption  (multipoint  BET)  using  a  Quantachrome  Autosorb 
Automated  Gas  Sorption  system. 

Scanning  electron  microscopy  (SEM)  observations  were  made 
using  a  Jeol  JSM-6300F  microscope.  The  composition  of  the  as- 
milled  powders  was  determined  by  energy  dispersive  X-ray  (EDX) 
analysis. 

2.3.  Electrochemical  experiments 

Electrochemical  charge/discharge  cycling  tests  were  carried  out 
on  an  Arbin  BT2000  battery  tester  at  room  temperature  in  a  6  M 
KOH  electrolyte  using  a  three-electrode  cell.  The  working  electrode 
was  made  of  a  mixture  of  100  mg  of  active  material,  800  mg  of 
graphite  and  20  mg  of  carbon  black.  The  counter  electrode  was  a 
nickel  wire  and  the  reference  electrode  was  an  Hg/HgO  electrode. 
Unless  otherwise  indicated,  the  working  electrode  was  charged  at  a 
current  density  of  -200  mA  g-1  for  3  h  and  discharged  at  20  mA  g-1 
followed  by  a  deeper  discharge  at  5  mA  g-1  up  to  -0.4  V  vs.  Hg/HgO. 
The  discharge  capacities  are  reported  in  mAhg-1  of  active  material. 

Electrochemical  hydrogen  pressure-composition  isotherms 
(PCT)  were  performed  at  room  temperature  (23  °C)  on  an  Arbin 
BT2000  from  equilibrium  potential  measurements  in  the  dis¬ 
charge  step.  Measurements  were  performed  on  electrodes  in  a 
fully  charged  state  at  their  highest  H-storage  capacity.  A  discharge 
current  of  5  mAg-1  was  applied  for  1  or  2  h  and  the  stabilized  equi¬ 
librium  potential  was  measured  after  an  open  circuit  period  of  2  h, 
i.e.  a  sufficiently  long  time  to  observe  a  stable  voltage  (potential 
drift  <0.1  mV  min-1 ).  The  hydrogen  pressure  values  (Ph2  )  were  cal¬ 
culated  from  the  measured  equilibrium  potentials  (Eeq)  according 
to  the  equation  [15]: 

Eeq(V  vs.  Hg/HgO)  =  P°g/Hg0  —  gm  (^j 

=  -  0.926  -  0.0293  log  PHz  (atm)  (1) 

Linear  polarization  data  were  measured  on  a  Voltalab40 
(Radiometer  Analytical)  potentiostat/galvanostat/FRA  apparatus. 
Prior  to  the  linear  polarization  measurements,  the  electrode  was 
fully  charged  at  —200  mAg-1  for  3  h  and  remained  in  open  circuit 
conditions  for  2  h,  up  to  stabilization  of  the  open  circuit  poten¬ 
tial.  Anodic  polarization  curves  were  then  obtained  by  scanning  the 
electrode  potential  from  0  to  700  mV  (vs.  open  circuit  potential)  at 
1  mV  s-1 .  The  curves  were  corrected  for  the  ohmic  drop  determined 
from  impedance  measurements. 

3.  Results  and  discussion 

3.1.  Morphology  and  composition 

Fig.  1  shows  the  SEM  micrographs  of  milled  MgTi  (A), 
Mgo.5Nio  5Ti  (B)  and  MgTio.sNio.s  (C)  powders.  As  seen  in  Fig.  1(C), 
the  milled  powders  consist  of  irregular  and  porous  agglomerates 
made  up  of  many  smaller  particles  (~1-10  p.m)  welded  together, 
resulting  from  the  repeated  cold  welding/fracturing  processes 
occurring  during  ball  milling.  The  mean  size  of  the  agglomerates  is 
larger  for  the  Mgo.5Nio.5Ti  and  MgTio.sNio.s  powders  (—50-200  p,m) 
than  that  observed  for  the  MgTi  powder  (~  10-50  p,m).  This  may 
reflect  the  increase  of  the  ductility  of  the  material  with  the  addition 
of  Ni,  favoring  powder  cold  welding  upon  milling.  As  a  consequence, 
the  specific  surface  area  (Sbet)  of  the  Mgo.5Nio.5Ti  and  MgTio.sNio.s 
powders  is  smaller  than  that  of  the  MgTi  powder  (Sbet  =  0.05,  0.07 
and  0.19  m2  g-1 ,  respectively). 

An  EDX  analysis  of  the  milled  powders  show  that  all  elements 
are  homogeneously  distributed  and  the  composition  of  the  as- 
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Fig.  1.  SEM  micrographs  of  20h-milled  (A)  MgTi,  (B)  Mgo.5Nio.5Ti  and  (C) 
MgTi0.5Ni0.5  powders. 

milled  powders  does  not  differ  by  more  than  2at.%  from  their 
nominal  composition,  which  indicates  there  is  no  preferential  stick¬ 
ing  to  the  balls  and  crucible  wall  upon  milling.  In  addition,  an  iron 
contamination  less  than  1  at.%  was  measured,  confirming  the  lim¬ 
ited  erosion  of  the  container  and  balls. 

3.2.  Structure 

Fig.  2  shows  the  XRD  patterns  of  MgTio.sNio.s,  Mgo.5Nio.5Ti  and 
MgTi.  For  comparison,  the  XRD  patterns  of  NiTi  and  MgNi  are  also 
shown.  All  the  XRD  patterns  display  a  broad  peak  located  at  ca. 
20  =  40°.  In  some  cases,  small  diffraction  peaks  are  superimposed 
on  this  broad  feature.  They  are  associated  with  the  presence  of  trace 
amounts  of  Ni  (20  =  45°),  Mg  (20  =  35°)  and  possibly  Ti  (20  =  41°). 
The  XRD  pattern  of  MgTi  milled  20  h  has  already  been  analyzed 
in  detail  elsewhere  [9]  and  it  was  shown  that  milling  of  Mg  and 
Ti  yields  to  the  formation  of  a  mixture  of  bcc  (84wt.%)  and  hep 
(16wt.%)  phases.  In  the  case  of  Mgo.5Nio.5Ti  and  MgTio.sNio.s,  the 
XRD  patterns  of  the  powder  mixture  were  analyzed  with  respect 
to  the  milling  time  (not  shown).  After  5  h  of  milling,  the  diffraction 
peaks  of  Mg  disappear  from  the  XRD  patterns  while  those  of  Ni  are 
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20(°) 

Fig.  2.  XRD  patterns  of  milled  MgTi,  Mgo.5Nio.5Ti,  MgTio.5Nio.5,  NiTi  and  MgNi  pow- 

always  present.  Instead,  in  both  cases,  a  broad  diffraction  peak  is 
observed  at  ca.  20  =  38°,  which  is  reminiscent  of  the  same  structure 
observed  in  the  XRD  pattern  of  MgTi  (Fig.  2).  This  suggests  that 
bcc  MgTi  is  formed  at  the  very  beginning  of  the  milling  process  in 
both  cases.  Upon  further  milling  of  MgTio.sNio.s  and  Mg0  5Ni0  5Ti, 
the  diffraction  peaks  of  Ti  and  Ni  disappear  and  a  new  broad  peak 
centered  at  ca.  20  =  42°  slowly  grows.  In  the  case  of  MgTio.sNio.s,  it 
is  believed  this  peak  is  associated  with  the  formation  of  TiNi,  while 
it  would  reflect  the  presence  of  MgNi  in  the  case  of  MgTio.sNio.s. 


MgTio.sNio.5,  NiTi  and  MgNi  electrodes. 
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Accordingly,  MgTio.sNio.s  would  be  composed  of  MgTi  and  MgNi, 
while  Mgo.5Nio.5Ti  would  be  composed  of  MgTi  and  TiNi.  How¬ 
ever,  considering  the  breadth  of  the  diffraction  peaks  after  20  h  of 
milling,  one  cannot  exclude  the  possibility  that  the  MgTio.sNio.s  and 
Mgo.5Nio.5Ti  materials  are  monophased.  In  the  future,  transmission 
electron  microscopy  with  electron  diffraction  analyses  should  be 
done  to  resolve  this  issue. 

3.3.  Electrochemical  hydriding  properties 

3.3. 1 .  Cycling  discharge  capacity 

The  evolution  of  the  discharge  capacities  with  cycling  of  the 
MgTi,  Mgo.5Nio.5Ti  and  MgTio.sNio.s  electrodes  is  shown  in  Fig.  3. 
For  comparison,  the  cycling  discharge  capacities  of  NiTi  and  MgNi 
are  also  shown.  The  Mgo.5Nio.5Ti  and  MgTi0.s  Ni0.s  electrodes  exhibit 


a  similar  behavior,  i.e.  their  discharge  capacity  is  highest  during 
the  first  cycle  and  then  decreases  slowly  with  cycling.  In  contrast, 
the  MgTi  electrode  needs  three  activation  cycles  before  reaching 
its  maximum  discharge  capacity,  and  then  it  decreases  rapidly 
with  cycling.  It  was  shown  in  a  previous  study  that  the  activation 
period  observed  upon  charge/discharge  cycling  on  MgTi  alloy  is 
related  to  a  structural  transition  from  a  bcc/hcp  phase  mixture  to 
a  fee  phase  that  occurs  during  the  first  few  cycles  [9],  The  absence 
of  an  activation  period  on  the  Mgo.5Nio.5Ti  and  MgTi0  5Ni0.5  elec¬ 
trodes  may  indicate  that  such  a  phase  transition  does  not  occur 
with  these  materials.  This  tends  to  demonstrate  that  these  two 
compounds  are  monophased,  i.e.  they  do  not  contain  secondary 
MgTi  phase.  However,  the  presence  a  significant  proportion  of  MgTi 
phase  in  the  Mgo.5Nio.5Ti  and  MgTio.sNio.s  compounds  cannot  be 
totally  excluded  if  we  assume  that  the  presence  of  the  MgNi  or  NiTi 
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phase  in  the  ternary  Mg-Ti-Ni  compounds  accelerates  the  hydro¬ 
genation  of  the  MgTi  phase  and  thus  the  activation  period  could 
be  eliminated  (at  least,  on  the  time  scale  of  the  present  charge 
period).  Note  that  our  work  on  Mg!_xNixTi  and  MgTii_xNix  with 
x  ranging  from  0.05  to  0.5  (not  shown)  indicates  a  progressive 
decrease  of  the  number  of  activation  cycles  as  x  increases  (i.e,  the 
maximum  discharge  capacity  was  reached  at  the  3rd  cycle  for  x  =  0 
and  0.05,  at  the  2nd  cycle  for  x  =  0.1  and  0.3  and  at  the  1st  cycle 
for  x  =  0.5). 

The  maximum  discharge  capacities  of  the  Mgo.5Nio.5Ti, 
MgTiosNios  and  MgTi  electrodes  are  401,  536  and  475  mAh  g^1, 
respectively  (Fig.  3).  The  lower  electrochemical  H-storage  capacity 
of  Mgo.5Nio.5Ti  is  not  surprising  considering  the  smaller  amount  of 
Mg.  In  comparison,  the  maximum  discharge  capacities  of  the  NiTi 
and  MgNi  electrodes  are  202  and  478  mAh  g-1 ,  respectively  (Fig.  3). 

In  addition,  as  seen  in  Fig.  3,  the  capacity  decay  with  cycling  is 
much  less  pronounced  for  the  Mgo.5Nio.5Ti  and  MgTio.sNio.s  elec¬ 
trodes  than  for  the  MgTi  electrode.  Indeed,  the  average  capacity 
decay  (measured  between  the  3rd  and  the  15th  cycle)  for  the 
Mgo.5Nio.5Ti  and  MgTio.sNio.s  electrodes  is  respectively  ca.  5  and 
8mAhg_1  (or  1.3  and  1.45%)  per  cycle  compared  to  30mAhg_1 
(6.7%)  per  cycle  for  the  MgTi  electrode.  Considering  that  the  capac¬ 
ity  degradation  with  cycling  of  the  MgTi  electrode  is  due  to  its 
irreversible  oxidation  (Mg(OH)2  and  TiC>2  formation)  by  the  KOH 
electrolyte  which  is  largely  accentuated  by  its  decrepitation  [9], 
these  results  illustrate  the  very  positive  effect  of  the  partial  sub¬ 
stitution  of  Mg  or  Ti  by  Ni  on  the  oxidation  and/or  pulverization 
resistance  of  the  active  material.  The  lower  specific  surface  area  ( i.e., 
larger  particle  size  as  seen  in  Fig.  1 )  of  Mgo.5Nio.5Ti  and  MgTio.sNio.s 
compared  to  MgTi  could  also  induce  a  decrease  of  their  oxidation 
rate  upon  cycling  as  demonstrated  on  MgNi  electrodes  made  of 
large  (>150  p,m)  particles  [16],  The  cracking  of  the  Mg-Ni-Ti  par¬ 
ticles  upon  cycling  may  also  be  less  extensive  due  to  their  higher 
ductility. 

Fig.  4  shows  the  evolution  with  cycling  of  the  discharge  curves 
on  MgTi  (A),  Mgo.5Nio.5Ti  (B)  and  MgTio.sNio.s  (C)  electrodes.  For 
comparison,  the  discharge  curves  of  NiTi  (D)  and  MgNi  (E)  elec¬ 
trodes  are  also  shown.  For  these  experiments,  the  electrodes  were 
charged  at  -200 mAg-1  for  3h  and  discharged  at  20  mAg-1  up 
to  -0.4  V  vs.  Hg/HgO.  As  seen  in  Fig.  4(A),  the  shape  of  the  dis¬ 
charge  curve  of  the  MgTi  electrode  is  notably  modified  during 
the  first  three  cycles.  This  behavior  is  associated  with  the  irre¬ 
versible  phase  transition  that  occurs  during  the  activation  period 
as  discussed  previously.  At  the  third  cycle,  a  well-defined  voltage 
plateau  related  to  the  H-desorption  reaction  ((3-to-oi  phase  transi¬ 
tion)  is  observed  at  about  -0.75  V.  The  progressive  potential  shift 
and  shortening  of  the  H-desorption  plateau  during  the  subsequent 
cycles  reflects  the  major  increase  of  the  electrode  polarization  resis¬ 
tance  and  consumption  of  the  active  material  due  to  its  irreversible 
oxidation  and  cracking.  For  the  Mg0  5Ni0  5Ti  electrode  (Fig.  4(B)),  a 
“sloping  H-desorption  plateau”  centered  around  -0.85  V  appears 
from  the  first  cycle.  Its  shortening  and  potential  shift  upon  cycling 
is  much  less  pronounced  than  that  observed  for  the  MgTi  elec¬ 
trode  (Fig.  4(A)),  reflecting  its  much  lower  degradation  rate.  For  the 
MgTi0  5Ni0  5  electrode  (Fig.  4(C)),  a  well-defined  discharge  plateau 
centered  at  about  -0.8  V  is  observed.  Its  voltage  position  does 
not  change  with  cycling,  indicating  that  the  electrode  polarization 
resistance  does  not  increase  significantly  upon  cycling.  No  evident 
discontinuity  characteristic  of  a  multiphase  system  appears  in  the 
discharge  curves  of  Mgo.5Nio.5Ti  and  MgTio.sNio.s  electrodes.  This 
tends  to  indicate  that  these  two  materials  are  monophased.  How¬ 
ever,  the  hypothesis  of  a  multiphase  system  cannot  be  rejected 
on  the  basis  of  these  observations  because  a  broadening  of  the 
energy  spectrum  of  each  type  of  H  occupation  site  may  occur  in 
ball-milled  multiphase  materials  resulting  in  the  disappearance  of 
the  discontinuities  of  the  discharge  curves.  Moreover,  the  discharge 


Fig.  5.  High-rate  dischargeability  with  respect  to  the  discharge  current  of  the  MgTi, 
Mgo.5Nio.5Ti  and  MgTio.sNio.5  electrodes. 

potential  regions  of  the  NiTi  (Fig.  4(D))  and  MgNi  (Fig.  4(E))  elec¬ 
trodes  are  very  close  to  that  of  the  MgTi  electrode,  which  makes 
their  differentiation  difficult.  Additionally,  the  fact  that  the  plateau 
discharge  potentials  for  the  Mgo.5Nio.5Ti  electrode  (ca.  —0.85  V)  and 
the  MgTio.sNio.s  electrode  (ca.  -0.80  V)  are  more  negative  than  that 
for  the  MgTi  eiectrode  (ca.  -0.75  V  at  the  3rd  cycle)  indicates  that 
the  H-desorption  reaction  is  facilitated  for  the  ternary  Mg-Ti-Ni 
electrodes  as  confirmed  below. 

3.3.2.  High-rate  dischargeability 

Fig.  5  shows  the  discharge  efficiency  or  high-rate  discharge- 
ability  (HRD)  of  the  MgTi,  Mgo.5Nio.5Ti  and  MgTio.sNio.s  electrodes, 
depending  on  the  discharge  current.  The  HRD  is  defined  and  calcu¬ 
lated  according  to  the  formula: 

HRD  (*)==?=jxl00  (2) 

C*  +  C3 

where  C*  is  the  maximum  discharge  capacity  obtained  at  the  dis¬ 
charge  current  density  of  x  mA  g-1  and  C5  is  the  residual  discharge 
capacity  extracted  at  a  discharge  current  density  of  5  mAg-1  after 
the  electrode  is  discharged  at  x  mA  g-1 .  The  cut-off  discharge  poten¬ 
tial  was  fixed  at  -0.4  V  vs.  Hg/HgO.  As  shown  in  Fig.  5,  the  HRD 
of  the  ternary  Mg-Ni-Ti  alloys  are  higher  than  that  of  the  binary 
MgTi  alloy.  This  is  more  remarkable  with  the  Mgo.5Nio.5Ti  electrode, 
which  displays,  at  a  discharge  current  density  of 400  mA  g_1 ,  a  HRD 
value  of  63%  compared  to  39  and  5%  for  the  MgTio.sNio.s  and  MgTi 
electrodes,  respectively. 

The  increase  of  the  HRD  for  the  ternary  Mg-Ni-Ti  alloys  can 
result  from  a  decrease  of  the  hydride  stability  and/or  an  improve¬ 
ment  of  the  charge-transfer  reaction  (inducing  a  decrease  of  the 
activation  overpotential)  or  else  from  an  increase  of  the  hydrogen 
diffusivity  (inducing  a  decrease  of  the  concentration  overpoten¬ 
tial).  These  different  components  are  determined  and  compared  for 
the  MgTi,  Mgo.5Nio.5Ti  and  MgTio.sNio.s  materials  in  the  following 
sections. 

3.3.3.  Electrochemical  pressure-composition  isotherms 

Fig.  6  shows  the  electrochemical  pressure-composition 
isotherms  (PCT)  for  the  MgTi,  Mgo.5Nio.5Ti  and  MgTio.sNio.s  elec¬ 
trodes.  They  are  expressed  as  a  function  of  the  depth  of  charge 
of  the  electrode  rather  than  as  a  function  of  the  H  content  in 
order  to  facilitate  the  comparison  between  the  different  curves. 
A  rather  well-defined  H-desorption  plateau  (a  +  ft  mixed  region) 
is  observed  for  the  MgTi  and  MgTio.sNio.s  electrodes  while  no 
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room  temperature)  of  the  MgTi,  Mgo.5Nio.5Ti  and  MgTi0.5Ni0.5  alloys. 


Electrochemical  kinetic  parameters  of  the  MgTi,  MgosNio.sTi  and  MgTio.5Ni0.5 
electrodes. 


Alloy  ii  (mAg-1)  i0(mAg-1)  a 

MgTi  270  53  0.72 

MgTio.5Nio.5  689  140  0.72 

Mgo.5Nio.5Ti  1131  167  0.74 


plateau  is  discernible  for  the  Mgo.5Nio.5Ti  electrode.  The  absence  of 
a  plateau  region  for  the  latter  is  in  accordance  with  the  discharge 
curve  shape  shown  in  Fig.  4(B)  and  confirms  the  larger  distribution 
of  energy  levels  for  hydrogen  in  this  material. 

In  addition,  an  increase  of  the  equilibrium  hydrogen  pressure 
is  observed  with  the  Mg-Ti-Ni  alloys.  For  example,  at  a  depth  of 
charge  of  50%,  an  equilibrium  hydrogen  pressure  of  ca.  5  x  10-5, 
3xl0-4  and  4xlO_3MPa  is  measured  for  MgTi,  MgTio.sNio.s 
and  Mgo.5Nio.5Ti,  respectively.  This  indicates  that  the  Mg-Ti-Ni 
hydrides  are  destabilized  with  respect  to  the  Mg-Ti  hydride.  This 
destabilization  must  positively  affect  their  high-rate  dischargeabil¬ 
ity  by  decreasing  the  electrode  equilibrium  potential  and  mostly  by 
decreasing  the  hydrogen  diffusion  resistance  (as  confirmed  below). 


3.3.4.  Anodic  polarization  curves 

Fig.  7(A)  shows  the  anodic  polarization  curves  on  fully  charged 
MgTi,  Mgo.5Nio.5Ti  and  MgTio.sNio.s  electrodes.  These  curves  were 
measured  when  the  electrodes  reached  their  highest  capacity, 
i.e.  at  the  3rd  cycle  for  MgTi  and  the  1st  cycle  for  Mgo.5Nio.5Ti 
and  MgTio.sNio.s.  The  anodic  current  (i)  increases  as  the  overpo¬ 
tential  ( rj )  increases,  reaching  a  limiting  current  (iL)  that  results 
from  a  mass  transport  limitation  of  the  hydrogen  atoms  in  the 
alloy.  The  ii  values  are  listed  in  Table  1.  The  highest  q  value  is 
obtained  with  the  Mgo.5Nio.5Ti  alloy  (iL  =  1131  mAg-1),  confirm¬ 
ing  its  better  Fl-diffusion  kinetic  properties  compared  to  those  of 
MgTi05Ni05  (il  =  689  mAg-1)  and,  to  a  much  larger  extent,  of  MgTi 
(iL  =  270mAg_1). 

The  anodic  overpotential,  rj,  can  be  expressed  as  [17] 


(3) 


where  R  is  the  gas  constant,  F  is  the  Faraday  constant,  T  is  the  tem¬ 
perature,  a  is  the  charge-transfer  coefficient  and  io  is  the  exchange 
current  density.  The  first  term  on  the  right-hand  side  of  Eq.  (3)  is 
the  activation  overpotential,  i)3,  due  to  the  charge-transfer  resis¬ 
tance  and  the  second  term  is  the  concentration  overpotential,  t]c. 


Fig.  7.  (A)  Anodic  polarization  curves  for  fully  charged  MgTi,  Mgo.5Nio.5Ti  and 
MgTio.5Nio.5  electrodes.  Scan  rate:  lmVs-1.  (B)  Overpotential  as  a  function  of 
ln[i/(iL  -  i)]  for  the  fully  charged  MgTi,  Mgo.5Nio.5Ti  and  MgTio.5Nio.5  electrodes. 


due  to  the  H-diffusion  resistance  [18],  Rearranging  Eq.  (3)  leads  to 
the  following  expression  [17]: 


(4) 


According  to  Eq.  (4),  a  plot  of  i)  vs.  ln[i/(iL  -  0]  produces  a  straight 
line  in  the  middle  range  of  overpotential  as  shown  in  Fig.  7(B),  per¬ 
mitting  the  determination  of  the  a  and  i0  values  from  the  slope 
and  intercept,  respectively  [18],  These  values  are  listed  in  Table  1. 
The  exchange  current  density  is  much  higher  for  Mgo.5Nio.5Ti 
(io  =  167mAg_1)  and  MgTio.sNio.s  (io  =  140 mAg-1)  than  for  MgTi 
(io  =  53mAg_1),  despite  the  fact  than  the  specific  surface  areas  of 
the  as-milled  Mg-Ni-Ti  powders  are  about  3  times  lower  than 
that  of  the  MgTi  powder  as  shown  previously.  This  illustrates  the 
very  positive  effect  of  Ni  on  the  kinetics  of  the  charge-transfer 
reaction  on  the  alloy  surface.  In  comparison,  the  io  values  com¬ 
piled  by  Feng  et  al.  [19]  are  ~20-300mAg-1  on  LaNis-based  and 
~20-l  00  mA  g-1  on  Zr-based  materials  (after  activation  and  at  fully 
charged  state).  On  the  other  hand,  as  seen  in  Table  1,  the  charge- 
transfer  coefficient  is  similar  for  the  three  alloys  (a~  0.7). 

In  order  to  differentiate  the  contribution  of  the  charge-transfer 
resistance  and  H-diffusion  resistance  to  the  anodic  polarization,  Eq. 
(3)  was  used  to  calculate  the  value  of  the  activation  overpotential 
(»7a)  and  the  concentration  overpotential  (r/c).  Their  evolution  as  a 
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respectively.  On  the  other  hand,  the  electrode  reaction  is  assumed 
to  be  mainly  controlled  by  the  H-diffusion  process  in  the  bulk  alloy 
when  r) c  exceeds  i?a  (Fig.  8),  i.e.  at  a  critical  discharge  current  density 
ofl73,494and934mAg-1  forMgTi,  MgTi0.5Ni0.5  and  Mg05Ni05Ti, 
respectively.  A  comparison  of  Fig.  8(A)-(C)  clearly  shows  that  the 
Mgo.5Nio.5Ti  electrode  has  the  smallest  overpotential  followed  by 
MgTi0.5Nio,5  and,  far  behind,  MgTi.  This  is  consistent  with  their  HRD 
performance  shown  in  Fig.  5. 

4.  Conclusions 

The  influence  of  Ni  on  the  structure  and  electrochemical  H- 
storage  properties  of  MgTi-based  electrodes  have  been  studied 
through  the  comparative  analysis  of  ball-milled  MgTi,  Mgo.5Nio.5Ti 
and  MgTi0.5Ni0.5  materials  doped  with  10  wt.%  Pd.  The  main  results 
are  summarized  as  follows: 

1.  On  the  basis  of  the  XRD  patterns,  the  MgTio.sNio.s  and 
Mgo.5Nio.5Ti  alloys  may  be  composed  of  a  mixture  of  MgTi  +  MgNi 
and  MgTi  +  NiTi  phases,  respectively,  or  made  of  a  single  phase 
that  contains  all  the  elements.  The  resolution  of  this  issue  will 
await  detailed  TEM  analyses. 

2.  In  contrast  to  that  observed  on  the  binary  MgTi  alloy,  no  activa¬ 
tion  period  was  observed  upon  charge-discharge  cycling  on  the 
ternary  Mg-Ti-Ni  alloys. 

3.  The  MgTio.sNio.s  electrode  showed  the  highest  discharge  capac¬ 
ity  (536mAhg_1)  compared  to  401  and  475mAhg_1  for  the 
Mgo.5Nio.5Ti  and  MgTi  electrodes,  respectively. 

4.  The  ternary  Mg-Ti-Ni  electrodes  displayed  a  much  better  cycle 
life  than  the  MgTi  electrode,  with  an  average  capacity  decay  rate 
per  cycle  <1.5%  compared  to  ~7%  for  the  binary  MgTi  electrode. 

5.  The  ternary  Mg-Ni-Ti  electrodes  had  a  much  higher  discharge 
rate  capability  than  the  binary  MgTi  electrode.  This  was  more 
remarkable  for  the  Mgo  sNio  sTi  electrode  (HRD  of  63%  at  a  dis¬ 
charge  current  density  of 400  mAg-1  compared  to  39  and  5%  for 
the  MgTio.sNio.s  and  MgTi  electrodes,  respectively). 

6.  The  higher  rate  dischargeability  of  the  Mgo.5Nio.5Ti  electrode  was 
mainly  attributed  to  its  better  H-diffusion  kinetic  properties  as 
illustrated  by  its  low  concentration  overpotential  compared  to 
that  ofMgTio.5Ni0.5  and,  to  a  much  larger  extent,  to  that  of  MgTi. 
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Fig.  8.  Evolution  of  the  total  overpotential  (ijt),  activation  overpotential  (tja)  and 
concentration  overpotential  (ijc)  as  a  function  of  the  discharge  current  for  the  (A) 
MgTi,  (B)  MgTio.5Nio.5  and  (C)  Mgo.5Nio.5Ti  electrodes  (in  a  fully  charged  state). 


function  of  the  discharge  current  is  shown  in  Fig.  8  for  the  MgTi 
(A),  MgTio  sNio.s  (B)  and  Mgo.5Nio.5Ti  (C)  electrodes.  As  expected, 
rja  is  higher  than  r/c  at  lower  discharge  current  densities  and  r)c 
becomes  largely  dominant  at  higher  discharge  current  densities 
for  all  electrodes.  Similar  behavior  was  observed  on  AB2-type  [18] 
and  ABs-type  [20,21]  hydrogen  storage  alloys.  However,  as  seen 
in  Fig.  8,  both  r/a  and  rjc  contributions  are  significant  over  a  large 
range  of  discharge  current  density,  meaning  that  the  discharge  pro¬ 
cess  is  under  mixed  control  in  this  region.  Actually,  based  on  our 
previous  study  on  the  MgTi  electrode  [11],  it  is  assumed  that  the 
charge-transfer  reaction  is  the  rate-determining  step  only  when  the 
applied  discharge  current  density  is  lower  than  the  exchange  cur¬ 
rent  density  (Table  1 ),  i.e.  for  a  discharge  current  value  lower  than 
53,  140  and  167  mAg-1  for  MgTi,  MgTio.sNio.s  and  Mgo.5Nio.5Ti, 
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